Conditions are described for obtaining images, at restricted resolution, which may be interpreted directly in terms of the crystal structure.
The elucidation of 30° core structures in deformed silicon by comparing experimental and computed images is discussed, along with some observations of undissociated 60° dislocations.
Finally, future prospects for core structure studies by HREM are outlined.
INTRODUCTION.
Early lattice images of dislocations in silicon and germanium showed very clearly the appearance of extra half-fringes which were interpreted directly as extra, terminating atomic planes in the crystal (1, 2). Because of instrumental limitations these images were obtained using tilted illumination and two-beam diffracting conditions. It was subsequently demonstrated, however, that in such instances it was not necessarily valid to interpret the image contrast in this way, since the nature of the images (e.g. number of extra fringes) was variable, depending upon the particular diffraction geometry used (3) . At about the same time, however, axial lattice images of some complex metal oxides were used to show that it was possible, under certain conditions, to interpret image contrast directly in terms of particular atomic arrangements in the crystal (4, 5) . Several years later, Bourret and co-workers (6) succeeded in obtaining axial lattice images of end-on dislocations in germanium and described the conditions for which a direct correspondence between image fringes and atomic planes could be established.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983401 Improved r e s o l u t i o n and a v a i l a b i l i t y has now made HREM an e s s e n t i a l t o o l i n t h e s t u d y of d e f e c t s i n semiconductors; i t i s now a p p r o p r i a t e t o consider some of the problems of t h i s technique, and a l s o t o d e s c r i b e some a p p l i c a t i o n s t o t h e study of core s t r u c t u r e s i n s i l i c o n .
'ATOMIC' IMAGES OF SILICON
I z u i and co-workers obtained images of (110) o r i e n t e d p e r f e c t s i l i c o n , i n which p a i r g of closely-spaced white s p o t s were i n t e r p r e t e d a s p r o j e c t e d atomic columns, 1.36A a p a r t (7). Obviously, i f 'atomic' images could be o b t a i n e d a t d i s l o c a t i o n cores, t h e e l u c i d a t i o n of t h e i r s t r u c t u r e s would be r e l a t i v e l y s t r a i g h t f o r w a r d . However, r e s o l u t i o n of a d j a c e n t agomic columns i n (110) s i l i c o n r e q u i r e s t h a t t h e (004) beams corresponding t o 1.36A c o n t r i b u t e meaningful c o n t r a s t t o t h e image. This i s n o t p o s s i b l e w i t h c u r r e n t e l e c g r o n microscopes, a s t h e b e s t a v a i l a b l e ' i n s t r u m e n t a l ' r e s o l u t i o n i s about 1.7A (8) . The ' c o n t r a s t t r a n s f e r f u n c t i o n ' -which d e f i n e s t h e way i n which t h e o b j e c t i v e l e n s t r a n s m i t s information t o t h e image -i s damped out f o r s p a t i a l f r e q u e n c i e s beyond t h e ' i n s t r u m e n t a l ' , s o t h a t high-order d i f f r a c t e d beams do n o t c o n t r i b u t e information t o t h e image. Consequently, i n t h e 'dumbell' images of I z u i ' s group (7) and i n subsequent images from o t h e r groups (see r e f . 9) the measured s p o t -p a i r spacings a r e a l l r a t h e r l a r g e r (-25%) than t h e corresponding c r y s t a l spacing. This e f f e c t has been s y s t e m a t i c a l l y examined by computer s i m u l a t i o n s f o r a v a r i e t y of e l e c t r o n microscopes and o p e r a t i n g c o n d i t i o n s ( 9 ) . T h i s study confirmed t h a t t h e 'dumbell' images a r i s e from c r o s s -i n t e r f e r e n c e between 111, 002 and 113 d i f f r a c t e d beams.
As w e l l a s being s t r o n g l y dependent upon ' f i x e d ' parameters f o r a p a r t i c u l a r instrument (kV, Cs), t h e geometry of t h e s e images v a r i e s d r a s t i c a l l y with small changes i n thickness and defocus. The l a t t e r e f f e c t may be understood by r e f e r r i n g t o t h e c o n t r a s t t r a n s f e r f u n c t i o n shown i n Fig 
Correct' atomic images which show t h e atomic columns i n t h e i r proper p o s i t i o n w i l l be o b t a i n a b l e only i f 004 beams a r e t r a n s m i t t e d with reasonable i n t e n s i t y and t h e c o r r e c t sign of c o n t r a s t r e l a t i v e t o t h e o t h e r c o n t r i b u t i n g beams. As t h i s i s n o t p o s s i b l e on c u r r e n t i n s t r u m e n t s , t h e a r t e f a c t s which a r i s e due t o t h e 311 beams a r e avoided by d e l i b e r a t e l y r e s t r i c t i n g t h e r e s o l u t i o n , s o a s t o i n c l u d e only beams out t o t h e ' s t r u c t u r a l ' r e s o l u t i o n ( c l o s e t o t h e so-called 'Scherzer' resolugion).
The 200kV microscope used i n t h i s work has a 'Scherzer' r e s o l u t i o n of 2.5A defined by t h e expression 0 . 7 C s f i t ; t h i s w i l l i n c l u d e only t h e 111 and ( k i n e m a t i c a l l y forbidden) 002 beams. I n such images, t h e c l o s e l y spaced atomic columns a r e imaged i n p a i r s , appearing a s r e c t a n g u l a r o r e l l i p t i c a l blobs.
IMAGE COMPUTATION
Computations a r e c a r r i e d o u t by t h e m u l t i -s l i c e method, using an a r r a y processor (9) and, more r e c e n t l y , an INTELLECT 200 framestore computer system (Anstis, Goringe and Muggridge -t o be published) which may i n a d d i t i o n be coupled on-line t o t h e microscope (10) t o provide f a s t F o u r i e r transforms and o t h e r image processing f a c i l i t i e s .
The image simulations i n c l u d e t h e e f f e c t of C , defocus, chromatic a b e r r a t i o n and beam divergence. o n may l i e e i t h e r on t h e narrowly-spaced planes i n t h e S i l a t t i c e , i n t h e so-called ' g l i d e ' c o n f i g u r a t i o n , o r e l s e by removal (or a d d i t i o n ) of a s i n g l e row of atoms a t the c o r e , i t could adopt t h e ' s h u f f l e ' c o n f i g u r a t i o n (12), producing the 'vacancy' o r ' i n t e r s t i t i a l ' v a r i a n t s r e s p e c t i v e l y .
I n t h e case of a d i s l o c a t i z n an ' a r t i f i c i a l ' p e r i o d i c p o t e n t i a l i s c o n s t r u c t e d which i n c l u d e s t h e d e f e c t a s p a r t of t h e
HREM has been used t o d i s t i n g u i s h between various p o s s i b l e core models f o r t h e 30" p a r t i a l (11, 13) and we d e s c r i b e here t h e a n a l y t i c a l approach used. I n essence, the g l i d e and vacancy s h u f f l e models d i f f e r only i n t h e presence o r absence of one atomic column a t the core (Fig. 5) 
Specimens were examined a t 200kV i n the Oxford JEOL 200CX e l e c t r o n microscope, using a high-brightness LaB6 cathode and a lowa b e r r a t i o n (C :1.2 mm) o b j e c t i v e l e n s . Images were recorded using seven beams, a s described gbove, t h e c r y s t a l s being o r i e n t e d with I l l 0 1 p a r a l l e l t o t h e o p t i c a x i s .
INTERPRETATION OF IMAGES I n i n t e r p r e t i n g images of d i s l o c a t i o n s , and i n attempting t o match them with computed images, i t i s necessary t o know a t t h e o u t s e t whether atomic columns ( o r i n t h i s case, p a i r s of columns) a r e imaged with l i g h t o r dark c o n t r a s t . Extensive computations have been used t o d e f i n e t h e combinations of t h i c k n e s s and defocus
f o r which 'atom-pairs' appear dark o r l i g h t (11). .Thus, i n F i g . 4, thickness regime A w i l l produce 'dark atoml,contrast a t -600A, i . e . t h e optimum defocus, and a l s o a t values -1350 and i150A. A s i m i l a r s i t u a t i o n occurs i n region A', f o r five-beam images; i n seven-beam images the c o n t r i b u t i o n of t h e 200 beams becomes important.
:White atom' c o n t r a s t i s found i n these r e g i o n s a t d e f o c i of -1000, -300 and +400A. I n region B, the s i t u a t i o n i s reversed, and 'white atoms' a r e seen a t optimum defocus. Thus, i f thickness and defocus a r e both known f o r a p a r t i c u l a r image, t h e c o n t r a s t can be c a l c u l a t e d and compared with i t d i r e c t l y .
Where thickness and defocus a r e not both known w i t h c e r t a i n t y , however, i t i s p o s s i b l e t o e x p l o i t the geometrical arrangement of atoms and tunnels a t t h e s t a c k i n g f a u l t which l i n k s the two p a r t i a l s t o a s s i g n c o n t r a s t t o atom p a i r s , a s follows: i t has been pointed out (14. 15) t h a t t h e two-fold symmetry axes i n t h e s t a c k i n g f a u l t l i e on rows of atoms, r a t h e r than tunnels. Thus, c a r e f u l i n s p e c t i o n of t h e stacking f a u l t s w i l l d i s c l o s e whether atom-pairs appear a s dark o r l i g h t c o n t r a s t . This information i s then used a s a cross-check f o r t h i c k n e s s and defocus e s t i m a t e s used i n t h e computations. Successful analyses of d i s l o c a t i o n
cores have been 8chieved i n thickness regions A and B of Fig. 4 (corresponding t o t h e ranges 0-100A and J80-260A r e s p e c t i v e l y ) ; o t h e r workers (16) have claimed t h a t f o i l s g r e a t e r than lOOA t h i c k f a i l t o give good agreement between experimental and c a l c u l a t e d images.
EXPERIMENTAL PARAMETERS A s already s t a t e d , i t i s necessary t o know the f o i l t h i c k n e s s and defocus f o r an image i n o r d e r t o o b t a i n meaningful comparison with computer simulations. Thickness may be estimated by r e f e r e n c e t o e x t i n c t i o n contours, o r by e s t i m a t i n g the i n t e n s i t y of the k i n e m a t i c a l l y forbidden 200 type r e f l e c t i o n s i n s e l e c t e d a r e a d i f f r a c t i o n p a t t e r n s from t h e neighbourhood of the d e f e c t . Defocus may be measured from l a s e r -o p t i c a l diffractograrns from amorphous regions (or s u r f a c e l a y e r s ) c l o s e t o t h e d e f e c t ; where such amorphous f e a t u r e s a r e a b s e n t , it i s p o s s i b l e t o a s s e s s
t h e width of t h e F r e s n e l f r i n g e a t t h e f o i l edge.
Fig.6(a). [I101 l a t t i c e image of a 30' p a r t i a l i n a t h i n (ca. 401) s i l i c o n f o i l .
The a r e a within t h e rectangle i s used f o r image matching.
GLIDE SHUFFLE
A f Fig.7(a) . [I101 l a t t i c e image of 30" p a r t i a l . The stacking f a u l t c o n t r a s t i n d i c a t e s t h a t atom p a i r s a r e imaged with l i g h t contrast. Fig. 7(b) . Calculated images f o r 'white' atom p a i r s , f o r the thickness (96A) and defocus (-1000&) appropriate f o r Fig.7(a) . Note t h a t under these conditions t h e two models a r e n o t r e a d i l y d i s t i n g u i s h a b l e , although t h e atom p a i r s a r e imaged with high c o n t r a s t , i n the p e r f e c t c r y s t a l and i n the stacking f a u l t . Fig.8(a) . L1101 image of 30" p a r t i a l and stacking f a u l t i n moderately thick (200A) s i l i c o n . Defocus (-950i) gives 'black' atom p a i r s . The core (arrowed) i s smeared out, suggesting the presence of a kink. Fig.B(b) The second 30° p a r t i a l of t h i s p a i r has a 'clean' core (arrowed), which i s c o n s i s t e n t with i t s being kink-free.
G L I D E S H U F F L E

RESULTS
An example of a 30" p a r t i a l i s shown i n Fig. 6a . The f o i l i s t h i n (-40A) and atom p a i r s appear with dark c o n t r a s t . Computed images (Fig. 6b ) f o r t h e appropriate thickness and defocus reveal t h a t the core corresponds t o the ' g l i d e ' model. This i s confirmed i n a number of 30" p a r t i a l s , f o r f o i l thicknesses corresponding t o regions 'A' and ' B ' i n Fig. 4 . W e n o t e , however, t h a t some combinations of thickness and defocus a r e not p a r t i c u l a r l y s e n s i t i v e t o core s t r u c t u r e : thus the example shown i n Fig. 7a , which displays white c o n t r a s t f o r 'atom airs', gives an ambiguous r e s u l t i f considered s i n g l y , as shown by the computer simulations (Fig. 7b ). It i s c l e a r l y h e l p f u l t o record images of a d i s l o c a t i o n a t more than one defocus s e t t i n g , and t o t r y to obtain image matching with simulations, a t these d i f f e r e n t s e t t i n g s .
PROBLEMS
So f a r , we have assumed t h a t t h e 30" d i s l o c a t i o n s a r e s t r a i g h t , p a r a l l e l t o [110], and do not contain kinks; weak-beam observations (Ourmazd; p r i v a t e communication)
show, however, t h a t the two 30° p a r t i a l s a r e n e i t h e r exactly p a r a l l e l o r s t r a i g h t .
I n order t o account f o r t h e imperfect agreement between experimental and computed images, we have considered the e f f e c t of a s i n g l e kink, along the l i n e of a 30° p a r t i a l . Calculations show t h a t the e f f e c t of a kink i s t o 'smear out' t h e core c o n t r a s t over two adjacent positions. W e have observed t b i s phenomenon i n several 30° cores, p a r t i c u l a r l y i n f o i l s thicker than lOOA ; an example i s shown i n Fig. 8a ., where the smearing out of the core (arrowed) may be compared with the other 30° core of t h a t p a r t i c u l a r d i s l o c a t i o n (Fig. 8b ) which appears t o be kink-free.
Bourret (16) has regarded the lack of p e r f e c t image matching i n CZ s i l j c o n and germanium a s being due t o decoration of t h e core by impurity atoms -i n p a r t i c u l a r oxygen. I n CZ s i l i c o n t h i s appears q u i t e l i k e l y ; however, i n t h e deformed s i l i c o n used i n the work described here, there i s l e s s likelihood of the cores' being heavily decorated, and t h e presence of kinks provides a more l i k e l y explanation of the d e t a i l e d image c o n t r a s t .
UNDISSOCIATED 60' DISLOCATIONS
In the same specimen of p l a s t i c a l l y deformed s i l i c o n we have encountered a number of undissociated d i s l o c a t i o n s . Careful measurement of t h e images suggests t h a t t h e i r Burgers vector i s q[llOl , which i s c o n s i s t e n t with t h e i r being 60° type.
However, they were found to be aligned p a r a l l e l t o the dissociated screws, which i s unexpected, and the reasons f o r t h e i r occurrence i n t h i s p a r t i c u l a r specimen a r e not yet c l e a r . An example i s shown i n Fig. 9 . I n i t i a l attempts t o i d e n t i f y the atomic configuration a t thecore suggest t h a t i t i s of the ' g l i d e ' configuration, but the f i n a l a n a l y s i s i s not y e t complete. A f u l l e r discussion of these d i s l o c a t i o n s w i l l be published elsewhere.
FUTURE PROSPECTS
The development of high r e s o l u t i o n e l e c t r o n microscopes with higher accelerating voltages b e t t e r lens aberrations now seems l i k e l y t o produce 'Scherzer; resolutions i n the 1.5-1.6A range, and 'instrumental' r e s o l u t i o n s around 1A. These values w i l l allow t h e p o s s i b i l i t y of resolving c o r r e c t l y the atomic p o s i t i o n s i n semiconductors, and perhaps the c o r r e c t i d e n t i f i c a t i o n of the d i f f e r e n t atomic species i n I I I I V o r I I / V I compounds. Small-probe d i f f r a c t i o n c a p a b i l i t y w i l l be necessary f o r the extremely accurate l o c a l alignment of the specimen a t a d e f e c t , as experience has shown t h a t , with increasing r e s o l u t i o n , alignment becomes much more c r i t i c a l . I t i s now evident t h a t refined techniques using 200 kV instruments have revealed a considerable (and previously unsuspected) d i s p a r i t y between r e a l d i s l o c a t i o n s and t h e o r e t i c a l models. I f t h i s trend continues the new generation of 300-400kV instruments w i l l probably produce more s u r p r i s e s again. Clearly, i t i s now becoming increasingly necessary t o support the i n t e r p r e t a t i o n of HREM images of d i s l o c a t i o n s not only with computer simulations, but a l s o with o t h e r microanalytical techniques, such as m i c r o d i f f r a c t i o n , EELS, EBIC, e t c . , i n order t o construct a meaningful p i c t u r e of d i s l o c a t i o n core s t r u c t u r e s . [ l l g l l a t t i c e image of an undissociated 60" d i s l o c a t i o n i n a t h i n (40A) s i l i c o n f o i l . Terminating planes a r e arrowed.
